The obligately methylotrophic bacterium Methylophilus methylotrophus hydrolyses aliphatic amides to ammonia and aliphatic acid using a cytoplasmic amidase. Physiological regulation of amidase activity was investigated by growing the organism under various conditions in batch, fed-batch and continuous culture. The results showed that synthesis of the enzyme was induced by various amides (acrylamide > acetamide) and repressed by ammonia. Growth of the wildtype organism in acetamide-limited continuous culture at very low dilution rate (D 0.025 h-l) led to the selection of a hyperactive strain (MM6), the subsequent growth of which under acrylamide limitation led to the selection of another strain (MM8) which showed even higher activity. The amidase activities of strains MM6 and MM8 were respectively approximately four and twelve times higher than that of the wild-type organism following growth under similar conditions, whereas the concentrations of the enzyme as determined by SDS-PAGE and scanning densitometry were approximately four times higher than the wild-type organism in both strains. The amidase in strain MM8 exhibited a K , for acrylamide that was approximately one-third lower than that of the wild-type organism or of strain MM6. It is concluded that the hyperactivity of strain MM6 was due predominantly to the production of more wild-type enzyme, whilst the hyperactivity of strain MM8 was due to the production of approximately the same amount of enzyme as strain MM6 (up to 25% of the total cell protein depending on the nature of the limiting amide) but with a substantially enhanced catalytic activity (Kcat). These changes were apparently the result of spontaneous mutations that occurred in response to growth at extremely low amide concentrations, giving the novel strains a strong selective advantage under these conditions (possibly by enhancing the rate of diffusion of amide into the cell).
INTRODUCTION
Methylophilus methylotrophus, an obligate methylotroph of commercial significance (Vasey & Powell, 1984) , grows only on carbon compounds such as methanol, methylamine and trimethylamine that contain no carbon-carbon bonds (Anthony, 1982) . Methanol, the most readily used of these substrates, is oxidized by a quinoprotein methanol dehydrogenase which is linked to the respiratory chain. The resultant formaldehyde is subsequently converted into precursors of cell material or dissimilated to carbon dioxide and NAD(P)H via the assimilatory and dissimilatory ribulose monophosphate cycles respectively (Beardsmore et al., 1982) .
M . methylotrophus also uses a very restricted range of nitrogen sources for growth. These include ammonia, methylated amines such as methylamine and trimethylamine (which are oxidized to ammonia plus formaldehyde, and therefore act as both nitrogen and carbon sources), urea and aliphatic amides (which act only as nitrogen sources) (Anthony, 1982; Burton et a]., 1983; M. A. Carver, unpublished) . As M . rnethylotrophus assimilates nitrogen in the form of Preparation of washed cell suspensions, cell-free extracts and shock Juids. Cultures were harvested by centrifugation in an MSE High Speed 18 centrifuge at lOOOOg for 15 min, then washed and resuspended in either 0.1 M-citric acid/0.2 M -N~~H P O~ buffer, pH 6.0 (for measurement of amidase activity) or 50 mM-HEPES buffer, .pH 7.5 (for measurement of GOGAT activity). Cells grown in continuous culture were assayed directly for amidase activity without harvesting.
Broken cells were prepared by disrupting washed cell suspensions using sonication (4 x 30 s at full amplitude, with cooling). Cell-free extracts were prepared by centrifuging the broken cells at 18000 g for 15 min to remove the cell debris.
Washed cells suspensions were subjected to osmotic shock as described by Neu & Heppel(1965) except that cells were plasmolysed using 10% (w/v) sucrose and subsequently shocked using ice-cold 20 mM-bis-Tris buffer, pH 6.8, instead of distilled water.
Enzyme assays. Amidase activity was routinely measured as the release of NH,+ from acetamide at 37°C (Muftic, 1964) . The assay mixture (1 ml final volume) contained 0.1 M-citric acid/0-2 M-N~,HPO, buffer, pH 6.0, plus approximately 0.1 mg dry wt cells, and the reaction was started by the addition of 50 mwacetamide. In some experiments acetamide was replaced by acrylamide (100 mM) or other amides (50 mM). Samples (100 p.1) were withdrawn into Fisons sodium phenoxide/acetone reagent (0.675 M-NaOH, 0.064 M-phenol, 0.1 36 M-acetone in water) at 1 min intervals for a period of 5 min. The colour was developed by the addition of 1.5 ml 0.01 % (v/v) sodium nitroprusside in 0.1 M-sodium acetate/0.08 M-HCl buffer, pH 6.0, followed by 1.5 ml 0.5% 'available chlorine' sodium hypochlorite in the same buffer. The mixture was stored in the dark for a minimum of 30 min, and the absorbance read at 630 nm. The amount of NH: released was determined from a standard curve prepared daily. This method was also used to measure the concentration of ammonia in culture supernatants (1OOp.1 samples) down to a limit of approximately 0.05 mM. K,,, values for acetamide and acrylamide were determined by measuring amidase activities as described above (except that whole cells were replaced by an appropriate amount of broken cells, the substrate concentrations were as appropriate within the range 0.1 to 100 mM and the samples were taken at intervals up to 1 min) and then plotting s/v against s (Hanes plot; the intercept on the s-axis is equal to -K,,,).
Acyl transferase activity was measured using the hydroxamate method as described by Wyndham & Slater (1986) except that the pH of the assay was 6-0.
GOGAT activity was measured as the oxidation of NADH (AA340; m m 6.22) in the presence of glutamine and 2-oxoglutarate at 30 "C. The assay mixture (3 ml final volume) contained 50 mM-HEPES buffer, pH 7.5, 1 mM-EDTA, 1 mM-2-OXOglUtarate, 0.16 mM-NADH and cell-free extract (equivalent to approximately 2 mg dry wt whole cells), and the reaction was started by the addition of 10 mwglutamine. Activities were corrected for the rate of NADH oxidation prior to the addition of glutamine, and were expressed in terms of the cell mass from which the extract was produced.
SDS-PAGE. Discontinuous SDS-PAGE was done using 12.5% (w/v) acrylamide slab gels (Hames, 1981) . Whole cells of M . methylotrophus were boiled for 5 min in dissociating buffer (Laemmli, 1970) and a volume containing approximately 20p.g protein was loaded into each track. The gels were stained for protein with Kenacid Blue R (Weber & Osborne, 1975) , destained and scanned at 633 nm using an LKB laser densitometer linked to a recording integrator. The following proteins were used as M, standards: a-lactalbumin, (M, 14200); trypsin inhibitor (20 100); trypsinogen (24000); carbonic anhydrase (29000); glyceraldehyde-3-phosphate dehydrogenase (36000); egg albumin (45000); and bovine albumin (66000). Purified amidase was also used as a standard where appropriate.
Non-dissociating (native)-PAGE. Discontinuous native-PAGE was done at high pH using 10% (w/v) acrylamide slab gels (Hames, 1981) . Gels were stained for protein using Kenacid Blue R, and for acyl transferase activity using the method of Wyndham & Slater (1986) .
Protein determination. This was done by the method of Lowry. Presentation of results. Where appropriate, results are presented as the mean & sEM with the number of determinations in parentheses.
RESULTS

Amidase activity of M . rnethylotrophus grown in batch and fed-batch culture
M . methylotrophus grew rapidly in batch culture with methanol as the carbon source irrespective of whether ammonia (14 mM) and/or acetamide (20 mM) was the source of nitrogen (pmax 0.44446 h-l), but it grew much more slowly when acrylamide (20 mM) was the nitrogen source (pmax 0.14 h-l) ( Table 1) . Further experiments showed that the growth rate on acrylamide was inversely related to the log of the acrylamide concentration (Iso l o w ) , and that extrapolation to zero acrylamide concentration yielded a significantly higher growth rate (pmax 0.37 h-'). Table 1 . Amidase activity of M . methylotrophus following growth in batch and fed-batch culture M. methylotrophus was grown in a methanol/minimal salts (SE 11) medium at 37°C with either ammonia, acetamide or acrylamide as the nitrogen source. During fed-batch culture the growth rate was set by the rate of addition of the limiting substrate. Cells were harvested and assayed for amidase activity with acetamide as substrate as described in Methods. No amidase activity with acetamide as substrate was detected in washed cells following growth on ammonia, and only relatively low activities were observed following growth on acetamide, acetamide plus ammonia, or acrylamide. Similarly low activities were also obtained following growth in fed-batch culture with ammonia or acetamide as the nitrogen source and with ammonia, methanol or oxygen as the limiting nutrient (p 0.2-0.3 h-l). In contrast, high amidase activities were observed when acetamide or acrylamide was the limiting nutrient ( p 0.3 h-l), the activities being respectively 36 and 186 times the activities of batch-grown cells. These results indicated that the amidase of M. methylotrophus was induced by aliphatic amides (acrylamide > acetamide) and repressed by ammonia, and that expression of the enzyme was strongly controlled.
Culture
Since ammonia was a product of acetamide and acrylamide hydrolysis, the possibility that the enzyme was also repressed by the other product, acetate or acrylate, was investigated. Both organic acids (present as the potassium salts) decreased the growth rate of batch cultures growing on acetamide as a source of nitrogen (pmax 0.29 and 0.22 h-l in the presence of 20 mMacetate and acrylate respectively), but they had no significant effect on the amidase activity of such cultures or of acetamide-limited fed-batch cultures. Amidase was not repressed by excess methanol.
Cellular location of amidase
Conventional osmotic shock procedures were used to prepare shock fluid and shocked cells of M . methylotrophus. Subsequent enzyme analyses showed that methanol dehydrogenase (which is located in the periplasm and on the periplasmic side of the inner membrane; Burton et al., 1983) was present mainly in the shock fluid, whereas amidase and glucose-6-phosphate dehydrogenase (a known cytoplasmic enzyme) were present mainly in the shocked cells. As amidase is clearly a soluble, rather than a membrane-bound enzyme it was concluded that it was located in the cytoplasm of the cell.
The uncoupling agent FCCP ( 5 p~) had no effect on whole-cell amidase activity with acetamide, acrylamide or propionamide as substrate, thus indicating that all three amides probably entered the cell by simple or facilitated diffusion rather than by active transport. Cell breakage had no significant effect on the rate of acetamide hydrolysis and only very marginally increased the rate of acrylamide hydrolysis, but increased the rate of propionamide hydrolysis by over 60%. These results suggested that the rates of acetamide and acrylamide hydrolysis by whole cells closely reflected the intracellular amidase activity, whereas the rate with propionamide was probably diffusion-limited. 
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Inducer specijcities of amidase The variable permeabilities of the various amides, together with the different concentrations of ammonia present in the growth media, made it virtually impossible to determine inducer specificity quantitatively using batch cultures. Nevertheless, it was clear from the results that acetamide, propionamide, butyramide, isobutyramide, acrylamide, lactamide, succinamide, oxamide, thioacetamide and cyanoacetamide acted as inducers of amidase (measured using acetamide as substrate), whereas formamide, glycinamide, benzamide, 2-chloroacetamide and 2,2,2-trichloroacetamide did not. The observed ability of the cells to grow rapidly on formamide, but not on any of the other non-inducing amides, as a source of nitrogen was due to the induction by formamide of a specific formamidase (M. A. Carver, unpublished).
Amidase activity of M . methylotrophus grown in continuous culture
Amidase activities (measured with acetamide as substrate) were significantly higher following growth in acetamide-limited continuous culture than in acetamide-limited fed-batch culture. Activity varied with dilution rate, rising to a maximum [ 1.67 pmol min-' (mg cells)-1] at a dilution rate of 0.15 h-l and only falling slightly as the dilution rate was increased to 0.40 h-l. These results supported the earlier conclusion that amidase activity was induced by amide and repressed by ammonia, the activity at each dilution rate reflecting the net effect of these two controls. At low dilution rates induction was clearly dominant (the concentration of acetamide required for maximum activity was substantially lower than the input concentration), whereas slight repression by ammonia occurred at higher dilution rates, albeit brought about by concentrations of ammonia that were below the detection limit of the assay (< 0.05 mM).
Amidase activities of acetamide-limited continuous cultures were more strongly affected than those of fed-batch cultures by the presence of acetate in the growth medium. In spite of this, 20 mwacetate only decreased the activity of an acetamide-limited culture (D 0.15 h-l) by approximately 25 %, which suggested that accumulated acetate ( I 3 mM) probably had only a minor role in the decrease in amidase activity at high dilution rates.
In contrast to amidase, GOGAT activities of cell-free extracts showed no consistent variation with dilution rate and were generally within the range 20-30 nmol mine' (mg cells)-' (i.e. just high enough to support the imposed growth rate assuming that acetamide-limited cells had a nitrogen content of S-lO%.
Eflect of initial dilution rate on amidase activity
In experiments of the type described above, acetamide-limited continuous cultures of M . methylotrophus were routinely inoculated with cells grown in batch culture (with acetamide as the nitrogen source) and were then grown for approximately nine generations at a chosen, initial dilution rate in order to achieve steady-state conditions. Interestingly, the amidase activities of the culture when subsequently grown under steady-state conditions at various dilution rates were inversely related to this initial dilution rate ( Table 2) , although maximum activity was always Table 2 . Efect of initial dilution rate on the amidase activity of M . methylotrophus grown in acetamide-limited continuous culture M. merhylotrophus was grown in a continuous culture in methanol/minimal salts medium at 37 "C with acetamide as the limiting nutrient. Following inoculation, the cultures were grown for six to ten generations at the initial dilution rate indicated and then under steady state conditions at dilution rates of 0.05 and 0.15 h-l. Amidase activities were measured with acetamide as the substrate as described in Methods. Each result is the mean of two or three independent determinations which varied by less than approximately 10 %. observed at a subsequent dilution rate of 0-15 h-l (Fig. 1) . The highest activity [7.85 pmol min-l (mg cells)-with acetamide as substrate; culture A] was achieved following an initial dilution rate of 0.025 h-l. In contrast to amidase activity, GOGAT activity was not influenced by the initial dilution rate. No significant loss of amidase activity was observed when the organism was grown under acetamide limitation for 5 1 generations.
Amidase activity Initial bmol min-I (mg cells)-1] dilution rate
These results suggested that hyperactive strains were being selected during growth at very low dilution rates, presumably in response to the low standing concentrations of acetamide in the culture.
Single-colony analysis of culture A
Culture A was streaked on to methanol/acetamide plates and six colonies were subsequently picked off at random and grown in acetamide-limited fed-batch culture 01 0.3 h-l). Four of these colonies exhibited substantially higher amidases activities than the other two colonies or the original wild-type organism following growth under various conditions in batch or fed-batch culture; one of these, subsequently called strain MM6, was selected for further study.
Strain MM6 exhibited a similar activity pattern to the wild-type organism when grown in batch or fed-batch culture, except that the activities of strain MM6 were at least twice as high (Table 3) . It remained sensitive to repression by ammonia, but showed significant constitutivity with respect to induction by amide.
The amidase activity of strain MM6 varied with dilution rate during growth in acetamidelimited continuous culture in a manner similar to that of the wild-type organism (Dopt 0.15 h-l). Maximum activity [7-26 pmol min-l (mg cells)-' with acetamide as substrate] was very close to that of culture A and was approximately four times that of the original wild-type organism. No significant loss of amidase activity occurred when strain MM6 was grown for 35 generations under these conditions. Table 3 
. Amidase activities of M . methylotrophus strains MM6 and MM8 grown under various conditions in batch, fed-batch and continuous culture
M . methylotrophus strains MM6 and MM8 were selected using continuous culture and single-colony analysis as described in the text. The strains were then grown in methanol/minimal salts medium in batch, fed-batch @ 0.3 h-l) and continuous culture (Dppt) with either ammonia, acetamide or acrylamide as the nitrogen source. Whole-cell amidase activities were measured using acetamide as substrate as described in Methods. ND, Not determined.
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Further selection of hyperactivity variants by growth under acrylamide limitation
As earlier experiments had shown that the K , of the amidase for acrylamide was at least one order of magnitude higher than for acetamide (i.e. 18.7 cf. 1.3 mM), growth at low dilution rate under acrylamide limitation might be expected to select strains which exhibited an even higher amidase activity and/or an increased affinity for acrylamide. Strain MM6 was therefore grown under acrylamide limitation at an initial dilution rate of 0.025 h-l for approximately nine generations in an attempt to select novel strains (culture B). Amidase activity was then measured following growth at several different dilution rates. Maximum amidase activity [31.99 pmol min-l (mg cells)-' with acetamide as substrate] was observed at a dilution rate of 0.10 h-l.
Culture B was streaked on to methanol/acetamide plates and six colonies were subsequently picked off at random and grown in acrylamide-limited fed-batch culture @ 0.3 h-l). All of these colonies exhibited substantially higher amidase activities than strain MM6 or the original wildtype organism following growth under various conditions in batch or fed-batch culture; one of these colonies, subsequently called strain MM8, was selected for further study.
Strain MM8 exhibited similar amidase activities to strain MM6 following batch culture and ammonia-limited fed-batch culture, but substantially higher activities than strain MM6 following fed-batch culture under acetamide or acrylamide limitation (Table 3) .
When strain MM8 was grown in continuous culture under acrylamide limitation, maximum amidase activity [32-10 pmol min-l (mg cells)-' with acetamide as substrate] was virtually identical to that of culture B at its optimum dilution rate. Maximum amidase activity during acetamide-limited growth [ 19.95 pmol min-l (mg cells)-' with acetamide as substrate] was significantly lower than during acrylamide limitation, but was still approximately three times higher than that of strain MM6 grown under the same conditions. Both cultures of strain MM8 exhibited maximum amidase activities at a dilution rate of 0.05 h-l, above which the activity variably decreased (Fig. 2) . This relationship between amidase activity and dilution rate was very different to that exhibited by strain MM6 or the original wild-type organism, and suggested that the amidase in strain MM8, as well as being partially constitutive, was maximally induced by a much lower amide concentration than that required by the other two strains.
Partial constitutivity was confirmed by growing strain MM8 in continuous culture under ammonia limitation (D 0.1 h-l). Under these conditions the amidase activity was 7.62 pmol min-l (mg cells)-' with acetamide as substrate, i.e. one-quarter to one-third of the activity of strain MM8 grown under acrylamide or acetamide limitation [respectively 32.10 and 19-95 pmol min-l (mg cells)-1]. The stability of strain MM8 with respect to amidase synthesis varied with the growth conditions. No significant loss of amidase activity was observed following growth for at least 30 generations under acrylamide or acetamide limitation. In contrast, amidase activity declined slowly during growth under ammonia limitation (t+ approximately 20 generations) and was eventually lost completely. When this latter culture was switched back to acrylamide limitation, essentially all of the original activity was regained, thus indicating that the hyperactive and partially constitutive phenotypes were not directly linked.
The K , for acrylamide of strain MM8 was significantly lower than that of strain MM6 or the original wild-type organism [ 12.3 & 2.2 (3) cf. 19.4 f 1.7 (3) and 18.7 f 1.3 (3) mM respectively], whereas the K, for acetamide was essentially the same in all three strains (1.2-1.4 mM).
Analysis of cellular amidase concentrations using native-and SDS-PAGE
The proteins present in whole cells of different strains of M. methylotrophus (wild-type, cultures A and B, strains MM6 and MM8) grown under various conditions in batch, fed-batch and continuous culture were separated using native-PAGE and then stained for amidase activity (Fig. 3a) . The stain was located in a single protein and its intensity approximately reflected the acetamidase activities of the various cells. When this protein was electro-eluted from an unstained native gel and re-run on SDS-PAGE it appeared as a single protein of M, approximately 38000. It thus ran at the same position as the pure amidase which is known to consist of four identical subunits, each of M , 38000 (M. A. Carver, unpublished) .
SDS-PAGE of the various types of whole cells examined above showed that the concentration of the amidase was commensurate with its activity in the wild-type organism, culture A and strain MM6, but did not increase in parallel with the much higher activities expressed by culture B and strain MM8 (Fig. 3b) .
This was confirmed quantitatively using scanning densitometry (Fig. 4) . A linear relationship was observed when the amidase activities of the wild-type organism and strain MM6 were plotted against their respective amidase concentrations, the highest activity bust over 7 pmol min-l (mg cells)-' with acetamide as substrate] being obtained when the amidase constituted approximately 20% of the total cell protein. The amidase activity of strain MM8 was also linearly related to its concentration, but the slope of the line was 3.4-fold greater; the maximum amidase concentration was very similar to that of strain MM6 (18-25% of the total cell protein depending on whether acetamide or acrylamide was the growth-limiting nutrient) but the maximum amidase activity was much higher [20-32 pmol min-l (mg cells)-' with acetamide as substrate]. In all of these strains the methanol dehydrogenase concentration remained relatively constant and averaged 6.6% of the total cell protein (very similar to the value reported previously for methanol-excess continuous cultures of this organism ; Greenwood & Jones, 1986) . The turnover number (catalytic activity; K,,,) of the amidase in the various strains was calculated from the slopes of the two graphs using an M, of 155000 for the native enzyme (M. A. Carver, unpublished) and yielded values of 96 s-l for the wild-type and strain MM6 and 323 s-l for strain MM8. These results strongly suggested that the high amidase activity of strain MM6 was due solely to hyperproduction of the enzyme, and that the even higher activity of strain MM8 was due both to hyperproduction and to an approximately 3-fold increase in K,,,.
Acyl transferase activity
The aliphatic amidases of Ps. aeruginosa and Brevibacterium sp. not only hydrolyse aliphatic amides to the corresponding acid plus ammonia (amidase or amide aminohydrolase activity) as described above, but will also transfer the acyl group to hydroxylamine to form an acyl hydroxamate plus ammonia (acyl transferase activity) (see Clarke, 1970; Clarke & Drew, 1988 ;  Thiery et al., 1986a) .
The M . methylotrophus amidase also exhibited both activities. Following growth in continuous culture under acetamide limitation, the acyl transferase activities of all of the strains tested were 9-to 11-fold higher than their respective amidase activities, i.e. up to 302 pmol min-l (mg cells)-' (strain MM8) with acetamide as substrate. The amidase of M. rnethylotrophus, like the corresponding enzymes from Ps. aerugirwsa, Brevibacteriurn and Arthrobucter sp. J1, is induced by a wide range of short-chain aliphatic amides. In contrast, it is strongly repressed by ammonia but not by organic acids and/or the carbon source, properties that are commensurate with the ability of M. rnethylotrophus to use amides as a source of nitrogen but not carbon.
As short-chain amides appear to enter cells rapidly via simple diffusion (this paper ; Miller & Knowles, 1984) , amidase is the first enzyme involved in amide metabolism. This is reflected in the high amidase activity of M. rnethylotrophus grown in continuous culture under amide-limited compared with amide-excess conditions, and is a typical phenotypic response to nutrient starvation (see Harder & Dijkhuizen, 1983; Greenwood & Jones, 1986) . M. rnethylotrophus also undergoes genotypic changes during growth under amide limitation, most markedly at very low dilution rate, which lead to the emergence of novel strains (MM6 and MM8) that exhibit greatly enhanced amidase activities.
It is generally assumed that such genetic changes probably result from random and uncorrected spontaneous mutations, although a 'directed mutation' model has recently been proposed (Cairns et al., 1988) . Although most of these mutations are probably neutral, some of them can cause changes in the activity (amount of enzyme, K,,,) and/or the substrate-affinity (K,) of cellular enzymes, including the enzyme that reacts with the growth-limiting nutrient. In the latter case, the mutated enzyme may endow the cell with an increased 'biological fitness' (by decreasing K , and/or increasing pmax; for reviews see Harder et al., 1977; Hartley, 1984; Dykhuizen et al., 1987) such that, in a strongly selective environment, this new strain takes over the culture.
The amidase of M. rnethylotrophus strain MM6 is similar to that of the wild-type organism in terms of its induction by acetamide (similar Dopt for amidase activity during amide-limited growth), repression by ammonia, and K , and K,,, for amide hydrolysis, but its intracellular concentration is approximately four times higher. The high amidase activity of strain MM6 is therefore caused predominantly by overproduction of the wild-type enzyme. This is most likely to have occurred via improved transcription (up-promotor mutation) or amplification (multiple copies) of the structural gene, or via a mutation in a regulatory gene.
The amidase of strain MM8 is similar to that of strain MM6 in terms of its intracellular concentration, repression by ammonia, and K , for acetamide, but it exhibits a significantly lower Dopt and a substantially higher K,,, for amide hydrolysis (together with a slightly lower K , for acrylamide). The much higher activity of strain MM8 than strain MM6 is therefore caused predominantly by the increased K,,,. The latter probably arose from an additional mutation(s) in the structural gene, which also decreased the K , for acrylamide (but not for acetamide). It is notable that the activity of strain MM8, measured as acyltransferase activity, approaches that of various Ps. aeruginosu strains constructed using recombinant DNA technology (Clarke & Drew, 1988) .
Single base-change mutations that alter K,,, and/or K , of various enzymes have recently been constructed in the relevant structural genes using site-directed mutagenesis (see Fersht, 1985 ; Shaw, 1987) . It should be noted, however, that these mutations frequently give rise to decreases rather than increases in Kcat, and to increases rather than to decreases in K,. Such mutations in amidase would probably be selected against during amide-limited growth.
The ability of strain MM8 to improve the quality of the enzyme (increased Kcat, decreased Km), rather than simply to synthesize even more of the wild-type enzyme, suggests that approximately 25% of the total cell protein may be the upper limit for the concentration of a single enzyme during the growth of this organism (the maximum concentration of methanol dehydrogenase is very similar to this; see Greenwood & Jones, 1986) .
Strains MM6 and MM8 both exhibit significant amidase activity in the absence of inducer, but in both cases the enzyme remains fully sensitive to repression by ammonia. The mechanism of this partial constitutivity with respect to induction by amides is currently unknown, but its physiological effect is probably that it allows these strains to induce maximal amidase activity at a lower standing concentration of amide and hence endows them with a selective advantage. Physiology of amidase 3163
The selective advantage of having a higher amidase activity (coupled in strain MM8 with a slightly increased affinity) probably resides in the ability to maintain a lower concentration of amide in the cytoplasm and so generate a higher diffusion gradient across the cytoplasmic membrane. This would increase the rate of amide uptake and lead, under amide limitation, to a significantly increased growth rate. An analogous role in glycerol uptake has previously been suggested for the high-affinity glycerol kinase of Klebsiella aerogenes during growth in glycerollimited continuous culture (Neijssel et al., 1975) .
The ability of continuous culture to select for spontaneous or generated mutants has been known for many years (Novik & Szilard, 1950 , Kubitschek, 1974 , and has been elegantly harnessed by several groups to study enzyme evolution and 'biological fitness' (see Hartley, 1984; Dykhuizen et al., 1987) . It is increasingly clear that it also constitutes a very powerful method for the rational isolation of novel strains of bacteria which not only produce potentially useful enzymes in larger amounts or with improved catalytic properties (this paper; see also Harder et al., 1977; Dykhuizen & Hartl, 1983; Hartley, 1984; Tsang & GrootWassink, 1988) , but which also overproduce enzymes that exert a major kinetic control over the synthesis of potentially useful metabolites (Cornish et al., 1988a, b) .
